A box shape with constant area is often used to represent the complex geometry in the 2 cochlea, although variation of the fluid chambers areas is known to be more complicated. 3
I. INTRODUCTION
Geometrical features, such as the cross-sectional area of the fluid chambers, are crucial for 5 quantitative modelling of the cochlea. Thorne et al. (1999) derived cochlear fluid space 6 dimensions for different species from reconstructions of three-dimensional magnetic 7 resonance microscopy including areas of the SV, SM and ST, which are used in this study for 8 constructing a tapered model of the cochlea. The mouse cochlea geometry, however, is taken 9 from a more recent work by Rau et al. (2012) to cover a larger number of spatial positions. 10 In calculating the coupled response of the cochlea, we focus on the passive case, whose 11 normalized distribution is similar to those measured at high sound pressure levels, SPLs, 12
excitations, e.g. over 80 dB SPL, because of the simplicity of the micromechanical model in 13 this case. The structure of the paper is that Section II reviews the geometric variation of the 14 fluid chambers along the length of different cochleae. In Section III, expressions for the far-15 field and near-field fluid coupling of tapered fluid chambers are derived. In Section IV, the 16 fluid coupling in the tapered and uniform model of the human cochlea is calculated, as well 17 as the fluid added mass distribution in the cochleae of five different species. The uniform 18 model here takes mean geometrical values over the length of the linearly tapered model. In 19 Section V, the coupled response of the cochlea is calculated using the linearly tapered and 20 uniform models of the human and mouse cochleae and compared with experimental 21 measurements. 22
II. GEOMETRICAL VARIATION IN DIFFERENT SPECIES

23
There are several sources of information about the variation in the physical dimensions of the 24 fluid chambers, along the length of the cochlea in different species, among which the 25 8 database of Salt's lab 2 provides the most comprehensive set. The measured geometrical 1 variations in the fluid chambers and cochlear partition in a number of species are used here to 2 calculate the cross-sectional area, the basilar membrane width, and derived variables, such as 3 the effective area. 4
A. Variation of the fluid chambers
5
One parameter for the far-field fluid coupling is the effective area, as described in detail in 6
Section III, which is calculated based on the upper and lower fluid chamber areas, A 1 (x) and 7 A 2 (x), respectively. Since the fluid coupling is not sensitive to the shape of the fluid chamber 8 cross-sectional area (de Boer, 1991), it is mathematically convenient to assume that the cross-9 section is square. So that the equivalent fluid chamber width and height, W e and H e , are equal 10 to square root of the effective area, A e (x), as 11 chamber area is seen to be steeper than that of the upper fluid chamber among all the selected 19 species, especially at the basal end. All measured geometrical data, to our knowledge, does 20 not cover the entire length of the cochleae, which implies extrapolation is necessary for 21 modelling purpose. Figure 3 shows the variation of the fluid chamber equivalent height, H e , and its linearized 5 approximation using the least squares method. It is interesting to see that although the area 6 variations in the two fluid chambers are different among the different species, the square root 7 of the effective area can be reasonably well approximated by a linear fit. The linear fit 8 overestimates the true values by about 11% near the base where the anatomical geometry is 9 known to be more complicated and many other factors such aqueducts, round window 10 dynamics etc., may play a more significant role, so that we assume that this overestimate of 11 the effective area can be ignored when we compare model predictions with measurements 12
later. There are other approximations, such as exponential, e.g. Puria and Allen (1991), or 13 polynomial functions, which may provide a better fit to the measured data. In this paper, 14 however, a linearly tapered model is used, as motivated by the results shown in Fig. 3 and  15 also as the simplest development of a uniform box model. It should also be noted that this 16 model is reasonably consistent with an exponential tapering, proving the tapering is not too 17 great, since 18 (Wever, 1949) , for cat (Cabezudo, 1978) , for guinea pig (Ferná ndez, 4 1952), for chinchilla (Dallos, 1970) , and for mouse (Keiler and Richter, 2001 ). All variables are plotted against 5 a length scale normalized by the physical length of the cochleae.
6
Values for those linearized fluid chamber equivalent height are listed in Table I , in which a 7 constraint has been imposed that the fluid chamber equivalent width (equal to the equivalent 8 height, as defined in equation (4)) should be no less than the basilar membrane width. The 9 correlation coefficient, r, for the least squares fit, as also shown in Table I , is calculated using 10 corr command in MATLAB TM (R2015b). 11
B. Variation of the basilar membrane width
12
The basilar membrane is assumed to take up the middle part of the cochlear partition that 13 separates the two fluid chambers, as shown in Fig. 1 . The variation of the basilar membrane 14 width, B(x), from the base to the apex was measured by Ferná ndez (1952) for the guinea pig 15 and human, and measured or assumed by others for other species, as shown in Table I and 16 
C. Distribution of the characteristic frequency
11
The mechanism underlying the cochlear frequency-position mapping characteristic is 12 believed to be similar in most mammals (Robles and Ruggero, 2001 ). There is, however, a 13 wide range of physical dimensions of the cochlea in different mammals, resulting in 14 difference in perceptible hearing frequency range. Greenwood (1990) develops a function 15 that maps the characteristic frequency, CF, onto locations along the length of the cochlea, as 16
17 where x stands for distance away from the base, f h is a constant controlling the high-1 frequency limit, α is a constant that controls the slope of the frequency map, L is again the 2 length of the cochlea, and f l is a constant controlling low-frequency limit. Here we ignore the 3 factor f l above, and simplify the characteristic frequency function to 4 Table I . It is interesting to see that although different species have 12 different characteristic frequency distributions along their length, they are almost parallel 13 with each other if they are plotted against position normalized by the length of the cochlea. 14 The ratio of the cochlear length, L, to the characteristic decay length, l, is thus approximately 15 constant, and has a value of about 5, as shown in Table I , among different species, and so the 16 frequency ranges of the cochleae in different species are always about 7 octaves, as shown in 17 reduce the three-dimensional model to a uni-dimensional while still accounting for its radial, 5 y, and vertical, z, characteristics. The averaged BM radial velocity, ̅ ( ), in equation (3), can 6 thus be defined as 7 In the far-field limit, the pressure is uniform over the BM, so that the modal pressure in the 12 upper fluid chamber, p 1 (x), can be given as 13 
17
In general, the far-field fluid coupling in the lower fluid chamber is similarly related to the 18 modal BM velocity as 19
20
The integral of the right-hand side of equations (13) and (14) with respect to x is thus equal to 21 both of the expressions below 22 
11
where ′ is again dummy integration variable. It is computationally convenient to divide a 13 continuous system into a number of discrete elements, which may be taken as an accurate 14 representation of the continuous system if there are at least six elements within the shortest 15 wavelength present, which is a condition commonly used in finite element analysis (Fahy and 16 Gardonio, 2007) . If the areas of the fluid chambers in the cochlear models are divided up into 17 N discrete sections, as for the BM, the integrals in equations (18) and (19) , (22) 14 where C(x) is the distance from one side of the cochlear partition to the corresponding edge 15 of the BM, as shown in Fig. 1.  16 The total BM mass per unit area is thus given by 17
where T t is the sum of the physical thickness due to the organ of Corti, OC, T OC , and the BM, 19
T BM , and T f is the effective thickness due to the fluid loading. 20
The physical thickness of the organ of Corti and the BM can be given by 21 (25) 22 where A OC is the average area of the organ of Corti and A BM is the average area of the basilar 23 membrane. 24 The fluid added mass, due to the near-field component, on the BM along its length are 1 calculated using equation (22) , as shown in Fig. 5 , for five different species. Since the sum of 2 the physical thickness due to the organ of Corti and the BM, T t , is significantly less than the 3 effective thickness due to the fluid loading, T f , the variation of T t along the cochlea is not 4
shown here and an average value is used in the models. 
IV. FLUID COUPLING IN A TAPERED BOX MODEL
10
The distribution of the modal pressure differences with both far-and near-field components, 11 due to excitation by a single element of the BM at 5 mm, 15 mm and 25 mm away from the 12 base are calculated for both the uniform and tapered box models for the human cochlea, as 13 shown in Fig. 6 . The far-and near-field components have also been calculated separately for 14 the tapered and uniform cases, in which equations (20) and (21) are used for the far-field 15 component and the wavenumber approach (Steele and Taber, 1979b ) is used for the near-field 1 component. In the uniform case, the BM width, B, and fluid chamber width, W, are assumed 2 to be the mean value of the linear fits, B l and W l , which equal to 0.32 mm and 0.9 mm, 3 respectively. It can be seen from Fig. 6 that close to the basal region, when a single element 4 of the BM is driven, at 5 mm for example, the pressure difference of the uniform model is 5 greater than that of the tapered case implying higher fluid impedance in the uniform model, 6 which leads to a smaller basilar membrane motion. This is not surprising since the effective 7 area of the tapered model is greater than that of the uniform model in the basal region, as seen 8 in Fig. 3 , in which the effective area equal to square of the equivalent height. The curvature in 9 the pressure difference distribution for x greater than x 0 is due to the reduction of the effective 10 area with distance. The near-field component is seen to be insensitive to the tapering, as the 11 difference between the two models is hardly visible. 12 
where Z FC is a matrix of the fluid coupling impedances and its columns can be obtained by 14 calculating a position-shifted sequence of the pressure distributions, as shown in Fig. 6,  15 normalized by the velocities of each element. 16 Similarly, the vector of BM velocities can be written as 17
where v s is a vector that accounts for the stapes velocity and Y BM is the BM admittances 19 matrix. Y BM will be a diagonal matrix, if the BM reacts only locally. The vector of BM 20 velocities can be given by substituting equation (26) into (27), as 21
The boundary conditions of the tapered and uniform models in this paper are: 1) rigid wall on 23 the external sides of the fluid chambers, 2) the BM is simply-supported at two ends, 3) 24 pressure difference at the helicotrema is zero to account for the fact that the upper and lower 25 chamber exchange fluid there, and 4) excitation is the stapes velocity, v s . 26 An advantage of this matrix form is that complicated geometries only need to be analyzed 1 once to determine the elements of Z FC and then the coupled responses can be calculated 2 simply using equation (28) , for a variety of models, with known or assumed BM dynamics. 3
The passive BM can be approximated by a series of isolated single-degree-of-freedom 4 systems, whose mechanics at a given position and frequency is given by 5 
where ω n (x) is the angular form of the characteristic frequency, given by equation (10), and 13 thus equal to 2πf B e -x/l . Damping is defined by the quality factor, Q, which is assumed to be 14 constant along the cochlea, so is given by 15 admittance of all the models is defined to be identical, it is probably the difference in the fluid 24 added mass, as shown in Fig. 5 , that causes the shift in the position of the peak BM velocity. 25
20
The fluid added mass of the linearly tapered model is small at the base (high-frequency 1 region) and then increases until slightly greater than that of the uniform models at the apex 2 (low-frequency region). Since the input impedance of the tapered model is greater than that 3 of the uniform models (Puria and Allen, 1991; Shera and Zweig, 1991) , then more power is 4 supplied at the stapes of the tapered model, for a constant stapes velocity, than for the 5 uniform box model, and this leads to a greater peak BM velocity. Another effect at low 6 frequencies, however, is that the ratio between the BM width and the fluid chamber width, 7
B/W, in the linearly tapered model becomes much larger than in the uniform model with 8 averaged parameters, which leads to a decrease of the peak BM velocity. (Lee et al., 2015) at the apex of a mouse cochlea, when excited at 80 dB SPL. 16 
22
The tapered model of the mouse cochlea shows a better match in amplitude compared with 1 the human case, although the measured phase shows a greater lag. It is interesting to see that 2 the tapering in the mouse model does not play a significant effect, as the uniform model does 3 not manifest as much difference, less than 3 dB, as the human case. We suspect that this less 4 discrepancy of amplitude between the tapered and uniform models is due to the fact that the 5 mouse cochlea has the least variation among the selected species, as seen in Fig. 2 and Fig. 3 . 
